Localized carbonate cementation occurs in the Eocene Grebe Sandstone of the Vulcan Sub-basin, Timor Sea, Australia. The cements have been previously interpreted as originating from microbial methane oxidation and sulfate reduction in a shallow subsurface environment and were related to hydrocarbon leakage. Here we reassess these localized carbonate cements in the Grebe Sandstone, and reported new findings. Petrography shows that there are two facies of sands in the Grebe Sandstone: (1) cemented, mostly fine-grained sands; and (2) loose, often coarse-grained sands. In addition, two types of carbonate matrix occur in the Grebe Sandstone: (1) spars to microspars in calcareous, fine-grained sandstones; and (2) micritic to microsparry matrix associated with limestone grains. Stable carbon isotopic values reveal that only the cements associated with sandstones were probably hydrocarbon-derived, and the resultant mineral is mainly calcite. Petrographic attributes and Mn +2 and Co
INTRODUCTION
Researches have reported that localized carbonate cementation occurred in the Grebe Sandstone of the Vulcan Sub-basin, Timor Sea, which is Eocene in age and consists of mostly sandstones and some thin limestone beds (Figs. 1 and 2) (Woods 1991; O'Brien and Woods 1995) . The localized cementation resulted in mound-like structures on seismic profiles, which were referred to as the Hydrocarbon Related Diagenetic Zone (HRDZ) and were interpreted as having resulted from microbial methane oxidation and sulfate reduction related to hydrocarbon leakage in shallow burial environment (O'Brien and Woods 1995; O'Brien et al. 1996 O'Brien et al. , 1999 Cowley and O'Brien 2000; Gartrell et al. 2004 ; also see Fig. 3 ). The extent of the cemented zone was further considered to be a measurement of hydrocarbon leakage (O'Brien et al. 1998 (O'Brien et al. , 1999 . The occurrence of such cementation thus may provide an important new tool in hydrocarbon exploration.
Occurrences of hydrocarbon-related carbonates in subsurface environments may also be of great academic interest. Authigenic carbonates have been found at many methane seeps and vents at or near the sea floor and generally interpreted to be microbial in origin (Paull et al. 1984; Hovland et al. 1987 Hovland et al. , 1994 Roberts et al. 1989 ; Aloisi et al. Terr. Atmos. Ocean. Sci., Vol. 21, No. 6, 923-937, December 2010 2000; Campbell 2006 ). However, the occurrence of hydrocarbon-derived carbonate mineralization has been rarely if ever identified in subsurface environments.
One of the criteria in identifying hydrocarbon origin of carbonate minerals is stable isotopic composition. Hydrocarbon-derived carbonates typically have depleted carbon isotopic values because hydrocarbons originated from organic matter, while the oxygen isotopic values are variable depending on the source of oxygen (Aharon 1994; Whiticar 1999; Campbell 2006) . Trace elemental composition of hydrocarbon-related carbonates has not often been measured except a case in sea-floor cold-seep carbonate (Díaz-del-Río et al. 2003) . This study presents the first results for trace elemental composition of hydrocarbon-related carbonates in a burial environment.
In this study, we reassessed these localized carbonate cements in the Grebe Sandstone. The objectives of this paper are: (1) to study the origin of localized carbonate cementation in the Grebe Sandstone; and (2) to understand controls of the distribution of these localized carbonate cements. We present results of petrographical, stable isotopic and elemental studies of cuttings from four exploration wells in the Vulcan Sub-basin, Timor Sea.
REGIONAL SETTING
The Vulcan Sub-basin is a NE/SW-trending basin, connecting to the Browse Basin to the southwest and the Bonaparte Basin to the northeast, in the Timor Sea, Australia ( Fig. 1) . Commercial oil discoveries have been made in the basin since 1983 (Cadman and Temple 2004) . The sub-basin was formed by extension in the Jurassic, bounded by the Londonderry High in the southeast and the Ashmore Platform in the northwest (Patillo and Nicholls 1990; O'Brien et al. 1993) . The convergence of the Australia plate and the Southeast Asian microplates during the Miocene and Pliocene reactivated the Jurassic extensional faults (Patillo and Nicholls 1990; O'Brien et al. 1993) .
The stratigraphy of the Vulcan Sub-basin is shown in Fig. 2 . Thick carbonate sequences were deposited in the basin during the Cenozoic. In the Eocene and Oligocene lowstands, carbonate deposition was interrupted by deltaic sedimentation (Patillo and Nicholls 1990; O'Brien et al. 1993) The Eocene Grebe Sandstone is a lenticular sand body embedded between carbonate sequences of the Paleocene Johnson Formation and Eocene Hibernia Formation (Cadman and Temple 2004) . According to O'Brien and Woods (1995) and O'Brien and others (1999) , hydrocarbons in the Jurassic reservoirs leaked out and migrated along the faults into the Eocene Grebe Sandstone during the Miocene to Pliocene.
Localized carbonate cements commonly occurred in the Grebe Sandstones and can be identified on seismic profiles as indicated by time pull-up and amplitude anomaly 
MATERIALS AND METHODS
We selected the following wells for this study: East Swan-2, Jabiru-2, Keeling-1, and Skua-3, based on the work of O'Brien and Woods (1995) (Fig. 1) . Cutting samples, well logs and seismic profiles were acquired from the Australia National Petroleum Database via the Chinese Petroleum Corporation (Taiwan). In total, 115 cutting samples were included in this study.
A fraction of each sample was treated with dilute HCl to dissolve all the carbonate components, and weight percentages of carbonate and insoluble components were recorded. The percentages were compared to the sonic log to confirm the depth control of cuttings (Fig. 4) . All the insoluble grains of each well that consist almost entirely of quartz were combined together and sieved to obtain their size distribution. The rest of cuttings from each depth interval were examined under a binocular microscope. Cuttings of calcareous sandstone and limestone grains -bioclastics excluded, were identified and handpicked for further studies; some large pieces were picked for thin-section or SEM studies. For each well except Skua-3, which contained too few calcareous sandstones, a portion of the calcareous sandstones picked from each depth interval was then combined together, treated with dilute HCl to remove the carbonates, and the quartz sand residues were then sieved to acquire their size distribution.
Due to the nature of well cuttings, calcareous sandstone and limestone grains used for mineralogical and geochemical analysis were rinsed for about 1 second in 5% HCl then washed in distilled water to remove possible stains on the surface. The mineralogy was determined using X-ray diffractometry (XRD). Stable carbon and oxygen isotopic compositions of the carbonates were analyzed using a Micromass IsoPrime mass spectrometer equipped with a multicarb automation system at National Taiwan Normal University, following the method of McCrea (1950) . Analyses were performed on about 0.1 mg of microsamples. CO 2 was evolved from the carbonates reacted with 100% phosphoric acid at 90°C for 15 minutes. Results are reported in the δ per mil notation with respect to the V-PDB standard calibrated using international NBS-19 standard (δ 13 C = 1.95‰; δ 18 O = -2.20‰). The analytical precision was better than ±0.05‰ (1 σ, N = 591) for both carbon and oxygen isotopes. Some samples were measured twice to test data reproducibility (Table 1) . Manganese and cobalt elemental analyses of the carbonate cements were performed using a PerkinElmer Optima 2000 ICP-AES at the National Museum of Natural Science. Proportional calcium and magnesium ions were used with manganese and cobalt ions in standard solutions to account for possible matrix effects. The regression coefficient of the standards was maintained at 0.9995 or better and Relative Standard Deviation at 1% or better for all analyses.
PETROGRAPHY AND MINERALOGY
Two types of sandstones can be distinguished in the Grebe Sandstone: (1) calcareous cemented sandstones that are mostly fined-grained, relatively immature in angularity; and (2) poorly cemented sands that are often coarse-grained and well rounded but also include some fine sands (Figs. 5 and 6). The quartz grains in the calcareous sandstones typically have an angular to subangular shape while those comprising the coarse-grained loose sands are mostly well rounded.
We could not measure the size distribution of the loose sands because of the difficulties in hand-picking all the loose sands from the calcareous sandstone, also because of the relative abundance of loose sands and cemented sandstones varying from depth interval to depth interval. Instead, the size distribution of the total quartz sands, including both of the cemented and loose sands, was measured. Figure 5 shows that the quartz grains of the calcareous sandstones are significantly smaller in grain-size compared to the total sands. Please note that the total sands include loose sands and cemented sands, hence their sorting and grain-size distribution are "contaminated" by cemented sands. The loose sands should exhibit better sorting and coarser size than the total sands (Fig. 5) .
We also observed two types of carbonate cements in the Grebe Sandstone under microscope: (1) white to white gray, sparry to microsparry cements associated with the calcareous sandstones; (2) light tan to light gray, micritic to microsparry matrix in limestone (Figs. 6a, c, and 7d) . Toward the upper part of the Grebe Sandstone and into the Hibernia Formation, the cements appear light tan and are often associated with bioclastics, mostly larger foraminifera, while toward the lower part of the Grebe Sandstone and into the Johnson Formation the micrites are light gray and contain no bioclastics.
We did not observe any rock types or fossils that are typical of a methane-seep community, such as vesicomyids or lucinids, or fragments of dark gray, argillaceous, finegrained matrix/cement with breccias or plankton foraminifera (Hovland et al. 1987; Terzi et al. 1994; Aloisi et al. 2000; Greinert et al. 2001; Peckmann et al. 2001; Campbell et al. 2002; Wang et al. 2006) . XRD revealed that both calcite and dolomite are present in the sandstone cements and the limestone matrix. The relative abundance of the two minerals varies from sample to sample (Table 1) . Aragonite was not identified by XRD, nor were aragonite needles observed under the microscope or SEM.
Given the nature of cutting samples, it is possible that the limestone cuttings found in the depth range of the Grebe Sandstone actually came from the overlying Hibernia and underlying Johnson Formations and mixed into the cuttings of Grebe Sandstone. However, the Grebe Sandstone occurs as a lenticular body embedded between the Johnson and Hibernia Formations. The well logs indicated that the Grebe Sandstone does include some thin limestone beds (Fig. 4) . Some sandstone intervals were also observed in the lower part of the Hibernia Formation and in the upper part of the Johnson Formation (O'Brien and Woods 1995; O'Brien et al. 1999) . Such stratigraphic relationships suggest that the Grebe Sandstone was interfingered with carbonate sediments during its deposition (Patillo and Nicholls 1990) . Therefore the occurrence of thin limestone beds within the Grebe Sandstone is a reasonable scenario.
GEOCHEMICAL RESULTS

Stable Isotopes
The δ 13 C and δ
18
O composition of the carbonates from the Grebe Sandstone, the Hibernia Formation and the Johnson Formation are listed in Table 1 . The cements in the calcareous sandstones of the Grebe Sandstone exhibit a nar- O compositions from -6.91 to -0.60‰ and a wide range in δ 13 C from -27.97 to -0.38‰ (Fig. 8) . On the other hand, most of micritic limestone grains from the Grebe Sandstone in all four wells show δ 13 C values from -6.97 to -0.33‰ except for one datum at -10.22‰, and even narrower δ
O composition from -5.66 to -3.51‰, compared to those for the associated sandstone cements (Fig. 8) .
The depletion in δ
13
C of sandstone cements can be better presented when samples from an adjacent depth in the same well are compared to each other. In the East Swan-2 well, the δ 13 C composition of sandstone cements of the Grebe Sandstone ranges from -23.30 to -6.67‰, while the limestone grains were of -6.80 to -3.23‰ (Fig. 9a) . The δ 13 C composition of sandstone cements in the Jabiru-2 ranges from -27.97 to -17.87‰, while those of the limestone grains range from -10.22 to -0.33‰ (Fig. 9b) . In the Keeling-1 well there are two intervals of sandstone. The δ 13 C composition of sandstone cements from 1380 to 1460 m in depth ranges from -25.88 to -16.11‰, while those from the lower interval (1610 to 1700 m) increase downward such that they are similar to the limestone grains with a δ 13 C value near 0‰ (Fig. 9c) . The δ 13 C values of the sandstone cements in the Skua-3 well range from -20.36 to -7.72‰, while the δ 13 C compositions of limestone matrix/cements are from -3.60 to -2.28‰ (Fig. 9d) . O values generally become more positive with increasing dolomite content as well (Fig. 11) .
Trace Elements
The results of the elemental analysis of the sandstone cements and limestones are listed in Table 1 and plotted in Fig. 12 . Manganese concentrations range from about 10 to 138 ppm, and Co from about 0.1 to 20 ppm. Except for one sample from the Skua-3 well, Mn +2 and Co +2 contents show a roughly covariant relationship (Fig. 12) . For comparative purposes, the Mn +2 and Co +2 concentrations of modern coldseep carbonates in the Gulf of Cadiz, Spain and the Pleistocene cold-seep carbonates of southwestern Taiwan are plotted together with our samples in Fig. 12 (Table 1) . Note the differences in δ 13 C values between sandstone cements and limestones. See text for discussion. (Table 1) . See text for discussion. (Table 1) . See text for discussion.
6. DISCUSSION
Hydrocarbon-Derived Carbonate Mineralization
The stable isotope results show that the carbonate cements in sandstones and limestones from the Grebe Sandstone differ greatly in δ 13 C composition (Fig. 9) . The δ 13 C values of the cements in limestone do not differ much from those in carbonates influenced by typical meteoric or burial diagenesis James and Choquette 1990 ). δ 13 C values can be as low as about -10‰ PDB in the case of meteoric diagenesis . Therefore, the δ 13 C compositions of the limestone matrix do not necessarily indicate a hydrocarbon-related origin.
On the other hand, the δ 13 C of the carbonate cements in sandstones ranges from about -28 to 0‰ (Fig. 8) . Such a wide distribution cannot be explained by either meteoric or burial diagenesis. Meteoric diagenesis would result in δ 13 C values ranging from about -10 to 0‰ PDB , while burial diagenesis usually can only decrease the δ 13 C values by about 2‰, from about 2‰ to approximately 0‰ PDB . In other words, processes other than meteoric diagenesis or burial diagenesis must be involved to explain our data. We propose that such a wide range is caused by two factors. First, this is a result of the relative abundance of dolomite versus calcite in samples (See the following discussion). Second, it likely represents a mixture of carbon from two different sources. One source of carbon has δ
13
C values from about -7 to 0‰, similar to that of limestones from the Grebe Sandstone; other source of carbon shows δ Calcite and dolomite both occur in the calcareous sandstones with depleted δ 13 C values (Table 1) . However, the relationship between δ 13 C compositions and relative abundance of the two minerals offer some hints regarding what was the primary hydrocarbon-derived mineral. Figure 10 shows that the lowest δ 13 C values always occur in completely calcitic cements, and the δ 13 C values generally Table 2 ). The two sites of cold-seep carbonate agree with each other in general, whereas the Grebe data are different from these two sites. See text for discussion.
increased with increasing dolomite abundance. This pattern is strong evidence that the isotopic value is dependent on relative abundance of calcite/dolomite, and that calcite is the primary mineral derived from hydrocarbon oxidation. The dolomite, on the other hand, exhibits significantly higher δ 13 C values than the calcites. Only in Jabiru-2, a few dolomite-dominant samples have δ 13 C compositions ranging as negative as from -20 to -16‰ (Fig. 12) . Linear extrapolations suggest that 100% dolomitic samples of East Swan-2 and Skua-3 would have δ 13 C compositions about -4 and -7‰ respectively, much less negative than the calcite-dominant samples (Fig. 12) . These δ 13 C isotopic values can be easily explained by meteoric diagenesis of the precursor calcites. In addition, dolomite did not occur in the upper sandstone unit of the Grebe Sandstone in Keeling-1, where the δ 13 C values are much more negative than in the lower sandstone unit (Fig. 10) . This is also an indication that calcite is the main resultant mineral of hydrocarbon-related cementation.
Changes in carbon isotopic compositions from precursor calcite to dolomite are negligible because of the very high rock/water ratios relative to carbon in pore water (Land 1992) . The relatively higher δ 13 C values of the dolomitic samples are therefore interpreted to be a result of original δ 13 C compositions of the pore water in which the dolomites formed, but not from fractionation during dolomitization. It is thus concluded that, except for some dolomites in Jabiru-2, the majority of the dolomite cements in the Grebe Sandstone did not resulted from hydrocarbon oxidation but formed by dolomitization of precursor calcites, or from dolomite cementation in pore fluids, with δ 13 C values about -7 to -4‰. Dolomitization or dolomite cements are very common in carbonates in burial environments (Mountjoy and Amthor 1994) . It is natural to assume that these processes occurred in the Grebe Sandstone also. Dolomites of Jabiru-2 might have been partially derived from δ 13 C-depleted calcites thus they exhibit lower δ 13 C values than other wells. The calcites of Jabiru-2 also show greater depletion in δ 13 C than other wells, implying more influences by hydrocarbon at the Jabiru-2 site than other sites.
Sea-Floor or Subsurface?
Authigenic carbonates have been found at many methane vents on the sea floor (Paull et al. 1984; Hovland et al. 1987 Hovland et al. , 1994 Roberts et al. 1989; Greinert et al. 2001; Campell 2006) . This raises the question as to whether the localized carbonate cementation in the Grebe Sandstone actually occurred at sea-floor methane vents in the Eocene, which were then subsequently buried, as opposed to a shallow burial interpretation (O'Brein and Woods 1995) .
Many studies have described petrographical features of carbonate crust at methane vents and these features are broadly similar to each other (e.g., Hovland et al. 1987; Terzi et al. 1994; Aloisi et al. 2000; Greinert et al. 2001; Peckmann et al. 2001; Campbell et al. 2002; Wang et al. 2006) . The most common features are a dark gray, argillaceous, fine-grained carbonate matrix, carbonate breccias, fragments of specific mollusks such as vesicomyids or lucinids, siliciclastics, pelagic foraminifera, and botryoid or isopachous aragonitic cements. However, none of these features have been found in the Grebe Sandstone and its carbonate cements, which instead are generally light in colored, sparry crystals. It is thus unlikely that the localized carbonate cements in the Grebe Sandstone could have developed at seafloor methane seeps in the Eocene. Figure 11 shows a range of δ
18
O values from -7 to -1‰ and well-defined covariant relationships between δ 18 O composition and dolomite abundance in all wells except Keeling-1, in which dolomite is absent in the upper sandstone unit (see Fig. 9c and Table 1 ). We consider this covariant relationship to result from oxygen isotopic fractionation between calcite and dolomite and mixture of calcite and dolomite in samples. When calcite is dolomitized, δ 18 O composition of the replacive dolomite will be heavier than the precursor calcite by about 3.8‰ PDB (Land 1992 18 O values are found in a wide range from -3 to > 10‰ (Campbell et al. 2002) .
Furthermore, as Fig. 12 shows, the Mn +2 and Co +2 concentrations of the sandstone cements of the Grebe Sandstone are significantly lower than those of the cold-seep carbonates from Spain and Taiwan, while the two cases of cold-seep carbonates are similar to each other. Mn concentrations in sedimentary calcite are generally considered to be controlled by redox condition and precipitation rate of the mineral (Brand and Veiser 1980; Mucci 1988 ) but very little is known about Mn in hydrocarbon-related carbonate. Details regarding Cobalt behavior in sedimentary carbonates are more limited. Nevertheless, the patterns shown in Fig. 12 support an origin that differs from authigenic carbonates at sea-floor methane vents. We therefore concur with the interpretation by O'Brien and Woods (1995) suggesting a shallow burial origin.
Facies Control on the Occurrence of HydrocarbonDerived Carbonate Cements
One of the most interesting characteristics of the cements is that in every study well the carbonate cementation has occurred preferentially in fine-grained, sub-angular sands (Figs. 4 and 5) . In contrast, the associated coarsegrained, well-rounded sands are rarely cemented. This pat-tern suggests that the carbonate mineralization in the Grebe Sandstone is not only dependent on hydrocarbon leakage as O'Brien and Woods (1995) proposed, but also on the lithofacies of the host rocks.
At this point, we do not fully understand why the hydrocarbon-derived cementation in the Grebe Sandstone is facies dependent. It may be that the angular grain in the cemented fine sandstones provided more reaction sites for carbonate mineralization. It could also be a result of the lower permeability and smaller pore-space in the fine-grained sands, which may have been more favorable to habitation by methane-oxidizing and sulfate-reducing microbes.
This finding is potentially important to hydrocarbon exploration in the Vulcan Sub-basin and other areas. Some studies have used the extent of so-called HRDZ as a criterion to evaluate the hydrocarbon trap integrity in the Vulcan Sub-basin (O'Brien et al. 1998 (O'Brien et al. , 1999 . A relatively large area of HRDZ was interpreted as an indication of greater hydrocarbon leakage, while a relatively small area of HRDZ was interpreted to be indicative of less leakage (O'Brien et al. 1998 (O'Brien et al. , 1999 . However, if the occurrence of hydrocarbonderived cementation is also affected by the lithofacies of the host rocks, the extent of localized cementation in the Grebe Sandstone cannot be used as the sole criteria for evaluating trap integrity. Such hydrocarbon-derived cementation could be overrepresented where the fine-grained facies is dominant, or underrepresented where the coarse-grained facies is dominant. Therefore, the lithofacies of the host rock needs to be taken into consideration in addition to trap-integrity evaluation.
CONCLUSIONS
1. On the basis of petrography, stable isotopes and elemental geochemistry, we concur that the localized carbonate cementation in the Eocene Grebe Sandstone of the Vulcan Sub-basin was hydrocarbon-derived and occurred in a subsurface environment (O'Brien and Wood 1995; O'Brien et al. 1999 ). 2. Isotopic and mineralogical analyses indicate that only the calcitic cements in the calcareous sandstone facies of the Grebe Sandstone are related to hydrocarbon oxidation. However, co-existing dolomites in the calcareous sandstones were not hydrocarbon-derived, and neither were the micritic matrix of associated limestones. 3. The carbonate mineralization in the Grebe Sandstone was not only dependent on hydrocarbon leakage, but was also dependent on the lithofacies of the host rocks with a preferential occurrence in the fine-grained sandstones and rarely in the coarse-grained sandstones. Therefore, the extent of localized cementation in the Grebe Sandstone cannot be used as the sole criteria for evaluating trap integrity in the Vulcan Sub-basin.
